In nature, plants need to respond to multiple environmental stresses that require the involvement and finetuning of different stress signaling pathways. Cross-tolerance, in which plants pre-treated with chitin (a fungal microbe-associated molecular pattern) have improved salt tolerance, was observed in Arabidopsis, but is not well understood. Here, we show a unique link between chitin and salt signaling mediated by the chitin receptor CHITIN ELICITOR RECEPTOR KINASE 1 (CERK1). Transcriptome analysis revealed that salt stress-induced genes are highly correlated with chitin-induced genes, although this was not observed with other microbe-associated molecular patterns (MAMPs) or with other abiotic stresses. The cerk1 mutant was more susceptible to NaCl than was the wild type. cerk1 plants had an irregular increase of cytosolic calcium ([Ca 2+ ] cyt ) after NaCl treatment. Bimolecular fluorescence complementation (BiFC) and co-immunoprecipitation experiments indicated that CERK1 physically interacts with ANNEXIN 1 (ANN1), which was reported to form a calcium-permeable channel that contributes to the NaCl-induced [Ca 2+ ] cyt signal. In turn, ann1 mutants showed elevated chitin-induced rapid responses. In short, molecular components previously shown to function in chitin or salt signaling physically interact and intimately link the downstream responses to fungal attack and salt stress.
INTRODUCTION
Salinity stress limits global agricultural production in over 30% of irrigated crops and 7% of dry land (Schroeder et al., 2013) . Likewise, plant pathogenic fungi also cause significant yield losses. For example, it is estimated that crop losses as a result of the fungal infection of Oryza sativa (rice), Triticum spp. (wheat), Zea mays (maize), Solanum tuberosum (potato) and Glycine max (soybean) between 2009 and 2010 would have been sufficient to feed 8.5% of the 7 billion humans alive in 2011 (Fisher et al., 2012) . Hence, both biotic and abiotic stresses that affect food production are significant problems that we can ill afford with a rapidly growing population.
In recent years, the model plant Arabidopsis thaliana has been used to discover the mechanisms of salt stress tolerance. The plant senses NaCl through an unknown sensor, resulting in an increase of cytosolic calcium ([Ca 2+ ] cyt ), which binds to calcium-binding proteins to activate a Ca 2+ signaling pathway, gene expression and ultimately the activation of detoxification mechanisms. A well-studied salt signaling pathway is the Salt Overly Sensitive (SOS) pathway, where the increase in [Ca 2+ ] cyt is sensed by the calcineurin B-like (CBL) calcium binding protein SOS3. SOS3 interacts with SOS2, a CBL-interacting protein kinase, which in turn activates a plasma membrane Na + /H + antiporter, SOS1, to extrude Na + ions out of the cell (Munns and Tester, 2008; Ji et al., 2013) . It is not clear, however, which components function in the early events of the salt stress signaling pathway at the plasma membrane. Chitin, a b1-4 linked polymer of N-acetyl-D-glucosamine (GlcNAc), is the major component of the fungal cell wall. Chitin oligomers (degree of polymerization, dp = 6-8) are important microbe-associated molecular patterns (MAMPs), which are recognized by plant cells and trigger a plant immune response that contributes to fungal resistance . In Arabidopsis, chitin is recognized by a receptor complex comprising the lysin motif (LysM), containing proteins CHITIN ELICITOR RECEP-TOR KINASE 1 (CERK1), LYSM-CONTAINING RECEPTOR-LIKE KINASE 4 (LYK4) or LYK5 (Miya et al., 2007; Wan et al., 2008 Wan et al., , 2012 Cao et al., 2014) . The lyk4 lyk5 double mutant is almost as chitin insensitive as cerk1, with LYK5 thought to have the primary role in chitin recognition . CERK1 also mediates the perception of bacterial cell wall peptidoglycans (PGNs), which also requires LYSM DOMAIN GPI-ANCHORED PROTEIN 1 (LYM1) and LYM3, two LysM-containing receptor proteins (LYPs) that physically interact with PGN (Willmann et al., 2011) . More recently, CERK1 was reported to have a chitin-independent role in pathogen-induced cell death control (Petutschnig et al., 2014) .
While most research on plant stress has examined one stress at a time, in nature, plants are exposed to various abiotic and biotic stresses simultaneously. Abiotic stress often affects the tolerance to biotic stress, and vice versa. There are two possible mechanisms by which abiotic stress affects the interaction between plants and pathogens. One possibility is that the negative effects of pathogens and abiotic stress can be additive. For example, Solanum lycopersicum (tomato) plants pre-irrigated with saline water were more severely affected with crown and root rot disease (Fusarium oxysporum f. sp. radicis-lycopersici; Triky-Dotan et al., 2005) . The other possibility is that abiotic stress enhances plant pathogen resistance (Ayres, 1984) . This phenomenon is also known as crosstolerance, and has been demonstrated for different types of stress (Tippmann et al., 2006) . For instance, Hordeum vulgare (barley) plants irrigated with saline water developed an increased tolerance to barley powdery mildew fungus (Blumeria graminis f. sp. hordei race A6; Wiese et al., 2004) . Additionally, in Arabidopsis, a pre-treatment with chitin improved the total chlorophyll content (by 13%) under conditions of increased salinity (Brotman et al., 2012) . Genetic studies in Arabidopsis showed that some genes are important for both the response to biotic and abiotic stresses, confirming that both stresses share signaling components. For example, BOS1, an R2R3 MYB transcription factor, and its interactor BOI, an E3-ligase, are required for the response to the necrotrophic fungal pathogen Botritys cinerea and to salinity stress (Mengiste et al., 2003; Luo et al., 2010) . Arabidopsis plants ectopically expressing fungal chitinases (from the mycoparasite Trichoderma asperolloides) showed an increased tolerance to salinity during germination and an enhanced tolerance to the necrotrophic fungus Botritys cinerea (Brotman et al., 2012) . Interestingly, this effect was not seen when chitinase was ectopically expressed in cerk1 mutant plants (Brotman et al., 2012) . These findings suggested a possible role for chitin signaling in mediating salinity stress signaling.
Here, we investigated the molecular mechanisms leading to cross-tolerance between chitin and salt. We show that the chitin receptor CERK1 is necessary for a robust plant salt stress response. CERK1 expression is induced by NaCl treatment, and the cerk1 mutant was more susceptible to NaCl but not to osmotic stress. Surprisingly, gene expression changes caused by salinity stress or chitin treatment are highly correlated. Similarly, we found a relationship between chitin-and NaCl-induced [Ca 2+ ] cyt increases, suggesting a link at early signaling events. Our results also indicate that CERK1 is necessary for the correct modulation of [Ca 2+ ] cyt increases when roots sense salinity stress but not osmotic stress. This role might be explained by the association and physical interaction of CERK1 with ANNEXIN 1 (ANN1), a calcium-permeable channel involved in salinity stress. We suggest a model where a dual function protein complex localized at the plasma membrane, comprised of CERK1 and ANN1, is important for signaling after plant cells sense Na + content or fungalderived chitin.
RESULTS

Chitin treatment causes similar transcript changes to salt stress
In order to further define the relationship between salinity and chitin, we compared the plant responses at the transcriptome level using publicly available microarray data. Approximately 77% of the genes induced by chitin treatment were also induced by the NaCl treatment (zvalue = 52.2), and 42% of the genes decreased by chitin treatment were also decreased by NaCl (z-value = 9.6) (Figure 1a, b) . We compared the transcriptomic data sets of chitin and NaCl treatments versus other abiotic and biotic stress treatments, including treatment with the bacterial MAMP flg22, wounding and osmotic stress (Table S1) . Chitin-induced genes were significantly co-expressed with those genes responding to flg22 (z-value = 58.9), wounding (z-value = 52.8) and NaCl (z-value = 52.2), but less coexpressed with genes responding to osmotic stress (zvalue = 21) ( Figure 1c ). On the other hand, flg22-induced genes were highly co-expressed with chitin-induced genes (z-value = 59.8), and less significantly with wounding-, NaCl-and osmotic stress-induced genes (z-value = 29.6, 28.6 and 15.7, respectively) ( Figure 1d ). These results suggest a unique linkage between chitin-mediated plant defense responses and salt stress responses.
Chitin receptors CERK1, LYK4 and LYK5 are transcriptionally induced by salinity stress
The profile of CERK1 mRNA expression was examined using the ATGENEXPRESS and EFP-BROWSER visualization tools, with a specific focus on the response to various abiotic stresses (e.g. NaCl, osmotic-PEG, ABA, drought, heat and UVB). CERK1 expression in roots was induced (~twofold) with NaCl treatment, but not with the other abiotic stresses ( Figure S1a ). Within the roots, the increase in expression of CERK1 under salinity stress occurs mainly in the endodermis and cortical cells (Geng et al., 2013) (Figure S1b) . The two other LysM-containing receptor proteins, LYK4 and LYK5, were also induced 1.7-and 3.0-fold, respectively, by salt ( Figure S1c ). These results suggest a role for chitin receptors in salinity stress that is specific to the ionic stress component, as osmotic stress did not affect CERK1 expression. On the other hand, another member of the LYK family, LYK3, was not induced by chitin or salt, but was downregulated by osmotic stress.
The cerk1 mutant is hypersensitive to NaCl
In order to better define a possible role for CERK1 in salinity stress tolerance, we assessed the response of the cerk1 mutant versus wild type (WT) Columbia (Col-0) plants growing on NaCl-containing agar plates. cerk1 and WT were similar to each other in control plates (0 mM NaCl) (Figure 2a, d) . cerk1 was more susceptible to 150 mM NaCl than was the WT, whereas the complemented lines showed a similar or improved response compared with WT plants (Figure 2b , e). cerk1 seedlings were also hypersensitive to NaCl when first grown on control medium (half-strength MS agar) and then transferred to plates containing NaCl ( Figure S2 ). cerk1 seedlings showed no apparent differences with WT when grown on plates containing 275 mM D-sorbitol (Figure 2c , f), 10 lM ABA ( Figure S3b ) and KCl ( Figure S3c ). This indicates that cerk1 plants were hypersensitive to the ionic stress and not to the osmotic component of the salinity stress. cerk1 seedlings also showed hypersensitivity when soil-grown plants were irrigated with 300 mM NaCl (Figure 2g , H). Together, these Figure 1 . Chitin treatment causes similar transcript changes to salt stress: (a) 77% of the chitin-induced genes were also induced by NaCl; (b) 42% of chitin-repressed genes were also repressed by NaCl. (c) Chitin-induced genes are highly significantly co-expressed with flg22 (z-value = 58.9), wounding (z-value = 52.8) and NaCl (z-value = 52.2), and less significantly with osmotic stress (z-value = 21). (d) Flg22-induced genes were only highly co-expressed with chitin (z-value = 59.8), and were less significantly coexpressed with wounding (z-value = 29.6), NaCl (z-value = 28.6) and osmotic stress (z-value = 15.7). Publicly available trancriptomic data were used for co-expression analysis ( results suggest that chitin receptor CERK1 plays a role in salinity stress.
Relationship between NaCl-and chitin-induced cytosolic calcium increases
Increases in [Ca 2+ ] cyt are common to many stress-activated signaling pathways, including salinity stress (Tracy et al., 2008) and chitin (Wan et al., 2012) . These specific [Ca 2+ ] cyt increases are regulated by the activities of calcium channels and transporters. The shape of the [Ca 2+ ] cyt increase, as measured by aequorin luminescence, differed greatly between salt and chitin ( Figure 3a) . The NaCl-induced [Ca 2+ ] cyt response happens fast, with a peak after 60 sec of application, returning to basal levels after 300 sec. On the other hand, the chitin-induced [Ca 2+ ] cyt response is slower, with the peak at 180 sec after application, returning to basal levels more slowly. As another test of a potential interaction between the salt-and chitin-triggered [Ca 2+ ] cyt response, we pre-treated Arabidopsis aequorin expression lines with 150 mM NaCl or 100 lg ml À1 chitin mixture, and then subsequently treated again with either NaCl or chitin. Pre-treatment with 150 mM NaCl for 30 min significantly reduced the subsequent [Ca 2+ ] cyt increase upon chitin elicitation (38% reduction in comparison with the control; Figure 3a, b) . Conversely, pre-treatment with chitin slightly reduced the subsequent [Ca 2+ ] cyt increase in response to 150 mM NaCl (16% reduction in comparison with the control; Figure 3c , d). Although the mechanism remains unclear, these data support the notion of interaction between salt and chitin responses. More importantly, the data suggest that this mechanism acts early, during the first steps of stimulus recognition, perhaps mediated at the level of the receptors or, perhaps, through direct action on the calcium-permeable channels.
CERK1 is necessary to correctly modulate the salinityinduced [Ca 2+ ] cyt increases in roots
The increase in [Ca 2+ ] cyt is one of the earliest responses to a variety of stresses. For example, [Ca 2+ ] cyt increases within a few minutes after chitin recognition, which does not occur in either cerk1 or lyk4/lyk5 mutants (Wan et al., 2012; Cao et al., 2014) . As pre-treatment with salt reduced the chitininduced [Ca 2+ ] cyt increase (Figure 3b ), we hypothesized that CERK1 might also influence NaCl-induced [Ca 2+ ] cyt increases. Indeed, cerk1 plants showed higher [Ca 2+ ] cyt levels than the WT (Figure 4a ) after the addition of 150 mM NaCl. The response of cerk1 plants did not differ from the WT when osmotic conditions were changed by the addition of 275 mM D-sorbitol ( Figure 4b ). The response of cerk1 plants was also different when another salt solution containing sodium, 75 mM Na 2 SO 4 , was used ( Figure 4c ), but not with another salt solution containing chloride, 75 mM MgCl 2 (Figure 4d ). Roots showed higher [Ca 2+ ] cyt increases than the shoots (Figure 4e , f), corroborating the previous observation from Tracy et al. (2008) . The cerk1 roots had higher [Ca 2+ ] cyt increases than the WT, but not in the shoots (Figure 4e , f). This suggests that CERK1 may play a role in the NaCl-induced [Ca 2+ ] cyt increases specifically in roots. This idea is supported by the salt-induced CERK1 expression in roots ( Figure S1 ). ] cyt values after a second treatment with NaCl. (e) Seedlings were pre-treated with buffer, NaCl or sorbitol for 30 min, and a second treatment with chitin was then applied for 30 min. (f) [Ca 2+ ] cyt values after a second treatment with chitin. Line graphs in (a), (c) and (e) show the kinetics of the [Ca 2+ ] cyt responses; histograms in (b), (d) and (f) show [Ca 2+ ] cyt at the peak of the second treatment; 150 mM NaCl and 100 lg ml À1 of chitin mixture was used. Each value shows a mean of eight seedlings AE SEs. Asterisks indicate statistically significant differences compared with the control (buffer pre-treatment):*P < 0.05, **P < 0.01. Experiments were repeated at least three times with similar results. [Colour figure can be viewed at wileyonlinelibrary.com].
Both lyk4 and lyk5 mutant plants did not display any difference in the salinity-induced [Ca 2+ ] cyt increases (Figure S4 ).
CERK1 associates with ANN1, a NaCl-induced calciumpermeable channel
The plant salinity response is likely to involve a variety of plasma membrane channels and transporters, most of which are yet to be defined; however, ANN1, a calciumpermeable channel, was previously documented as a component of the NaCl-induced [Ca 2+ ] cyt signal (Laohavisit et al., 2013) . ANN1 was shown to negatively regulate net Na + influx when root protoplasts were challenged with 50 mM NaCl, presumably through calcium signaling (Laohavisit et al., 2013) . ANN1 is highly expressed in roots and accumulates at the plasma membrane under salinity stress (Lee et al., 2004) . Previously, ANN1 was found to interact with CERK1 based on a large-scale split-ubiquitin yeast two-hybrid screen (Jones et al., 2014) . Therefore, we confirmed CERK1-ANN1 association using bimolecular fluorescence complementation (BiFC) and co-immunoprecipitate (coIP) assays. To perform these assays in Nicotiana benthamiana, CERK1 K349E mutant protein (kinase-dead version) was used because the expression of an active CERK1 kinase domain causes cell death in N. benthamiana (Pietraszewska-Bogiel et al., 2013) . Both CERK1 K349E and ANN1
were localized at the plasma membrane ( Figure S5 ), and the BiFC assay indicated that CERK1 K349E associates with ANN1 ( Figure 5a ). As a negative control, ANN1 failed to interact with the EF-Tu receptor (EFR), another pattern recognition receptor (PRR), suggesting that ANN1 specifically associates with CERK1 ( Figure 5b ). Immunodetection of EFR-YFP N and ANN1-YFP C confirmed that proteins were expressed but were not able to interact and complement the YFP ( Figure S6 and S6). We were not able to immunodetect the empty vectors with split-YFP. This inability to immunodetect the split-YFP fragments has been reported before, and it was suggested that these fragments were unstable in the cytoplasm and therefore were not detectable (Zamyatnin et al., 2006) . Moreover, the coIP assay showed that CERK1 K349E associates with ANN1 with or without 100 mM NaCl treatment ( Figure 5d ). Similarly, we found that CERK1 associates with ANN1 when transiently expressed together in Arabidopsis protoplasts (Figure 5e ). Together, these results demonstrate that CERK1 interacts with ANN1 at the plasma membrane, before and during salt stress. As ANN1 is a component of the NaCl-induced [Ca 2+ ] cyt signaling, we infer that CERK1 may function in salinity stress signaling through the association with ANN1.
ANN1 is required for chitin signaling
As we found that ANN1 interacts with chitin receptor CERK1 (Figure 5 ), we tested whether ANN1 plays a role in chitin signaling. Therefore, we examined the responses to chitin elicitation in ann1 mutant plants. Compared with the WT, ann1 seedlings showed lower [Ca 2+ ] cyt levels (13% reduction) than the WT in response to chitin (Figure 6a ). This result is in concordance with a role for ANN1 as a calcium channel and an important component of the cellular calcium signaling response.
Despite an attenuation of calcium elevation, ann1 plants showed elevated chitin-triggered immune responses, as measured by the production of reactive oxygen species (ROS) and mitogen-activated protein kinase (MAPK) phosphorylation (Figure 6b, c) . To test whether ANN1 is involved only in chitin responses or in innate immunity in general we also tested the response to another elicitor, flg22. The flg22-triggered ROS response did not differ between ann1 and the WT ( Figure S7 ). ROS production and MPK3/MPK6 activation are two independent events in plant immunity . Our results contradict the notion that calcium fluxes act upstream of MAPK activation; however, this observation is in agreement with previous reports (Ranf et al., 2011; Smith et al., 2014) . Our results suggest that diverse chitin signaling outputs are under the control of separate signaling pathways, rather than a single linear pathway, similar to what has been suggested for flg22 signaling (Smith et al., 2014) . How ANN1 exerts its chitin signaling function remains unknown; however, it was reported that annexins are able to regulate ROS content and redox homeostasis in plants by regulating the expression or enzyme activity of ROS-scavenging enzymes (Qiao et al., 2015) . ROS-induced upregulation of GSTU1, an antioxidant enzyme, is significantly impaired in the ann1 mutant (Richards et al., 2014) , which could explain the elevated ROS levels in the ann1 mutant in response to chitin.
In summary, our results suggest a negative role for ANN1 during chitin signaling, perhaps by dampening ROS production and MAPK activity.
ANN1 protein is regulated by salt and chitin, but is not phosphorylated
As CERK1 is an active protein kinase, an obvious model would involve the direct phosphorylation of ANN1 by CERK1. In order to test this possibility, we prepared protein extracted from roots expressing a 35S:ANN1-HA construct (see complementation phenotype in Figure S8 ), and analyzed the protein pattern on a 25-lM Phos-tag gel to detect any phosphorylated isoforms of the protein. Phos-tag SDS/ PAGE gels contain immobilized metal ions that retard phosphorylated protein mobility, allowing gel shifts to be observed. We did not observe a band shift between our untreated or phosphatase-treated samples (Figure 6d ), suggesting that either ANN1 is not phosphorylated when treated with NaCl, chitin or ABA, or, if there is a phosphorylation event, it is not causing a shift in electrophoretic mobility. This result corroborates previous observations that ANN1 protein accumulation in response to NaCl was not dependent on phosphorylation (Lee et al., 2004) . Previous phosphoproteomics studies found that ANN1 phosphorylation was not induced in response to ABA, dehydration or osmotic stress (Umezawa et al., 2013; Wang et al., 2013; Xue et al., 2013) . These three phosphoproteomic studies each reported a single phosphorylated residue in ANN1 in the untreated samples, but the reported residue was different in each study: S3 (Umezawa et al., 2013) , S7 and S70 , possibly suggesting that the reported phosphopeptides were false positives or that the observed phosphorylation was a random event and not biologically significant. Furthermore, active, purified recombinant GST-CERK1 kinase domain was not able to phosphorylate purified recombinant 6XHis-ANN1 in vitro ( Figure S9 ). We conclude that ANN1 is not phosphorylated either in the presence or absence of salt stress or chitin. Therefore, it seems unlikely that CERK1 is modulating ANN1 activity by phosphorylation. We observed an accumulation of ANN1 in response to NaCl and chitin (Figure 6d) . In order to test whether this response was specific to these two stimuli, we assessed the ANN1 protein levels in response to bacterial MAMP, elf26 and a danger-associated molecular pattern (DAMP), PEP1. ANN1 accumulated only in response to chitin, but not in response to elf26 or PEP1 (Figure 6e ), suggesting that ANN1 accumulation might be important in response to salt and chitin.
DISCUSSION
Plants, as sessile organisms, have evolved complex systems to respond to changes in environmental conditions. For example, plants exhibit higher disease resistance during the early hours of the day, coincident with the period in which fungal pathogens disperse their spores (Wang et al., 2011) . Another example of the co-evolution of two different stresses is that, when plants undergo submergence, they increase their defense mechanisms in anticipation of a higher probability of pathogen attack (Hsu et al., 2013) . There are many reports describing a connection between salt stress tolerance and fungal pathogen defense, either repressing or promoting resistance. In nature, root fungal pathogens, like Fusarium species, grow optimally in saline conditions (Mohamed and Haggag, 2006; T€ urkkan, 2013) . Therefore, plants growing in saline soil could experience both salt stress and fungal pathogen attack. It is possible that root detection of saline soil could serve as an early warning of pathogenic fungal colonies. In Figure 6 . The ann1 mutant showed elevated chitin-triggered immune responses. (a) ann1 showed decreased chitin-induced [Ca 2+ ] cyt . Six-day-old seedlings of of Col-0, ann1 and cerk1 expressing the aequorin gene were treated with 500 nM chitin 8-mer. Line graphs showed kinetic differences on chitin-induced [Ca 2+ ] cyt responses for the times indicated. Each value shows a mean of eight seedlings AE SE; P < 0.05. (b) ann1 showed elevated chitin-triggered ROS production. Leaf discs were treated with or without 100 nM chitin 8-mer, and the total chemiluminescent signal (relative light units, RLUs) was recorded for 30 min. Data are means AE SEs (n = 8, *P < 0.05). (c) ann1 showed elevated chitin-triggered MAPK phosphorylation. Leaf discs were treated with or without 100 lg ll À1 chitin mixture, and total protein was extracted at the indicated times. Immunoblot analysis was performed using anti-p42/p44-MAPK antibody. Coomasie brilliant blue (CBB) was used for protein loading control. (d) ANN1 is not phosphorylated but accumulates in response to NaCl and chitin. Nine-day-old seedlings grown in liquid medium were treated with 150 mM NaCl for 2 h, with 30 lM ABA for 30 min or with 100 nM chitin 8-mer for 30 min, and roots were then collected. Total protein was split into two tubes: one tube was treated with calf intestinal alkaline phosphatase (CIP) (+) and the other tube was not treated with CIP (À). ANN1 runs as one band on 10% SDS/PAGE gels containing 25 lM Phost-tag. AGL15 in stage-15 floral receptacles showed phosphorylated isoforms (slower mobility smear and bands) in the non-phosphatase sample and in the non-TCA/Mn-treated/non-phosphatase sample, as previously reported (Patharkar and Walker, 2015) , and a smear of phosphorylated isoforms that could be compressed into a single faster mobility band with phosphatase treatment. Experiments were repeated three times with similar results. All samples were loaded in the same gel but longer exposures are shown for AGL15 because of its reduced abundance. (e) ANN1 protein levels accumulate in response to chitin. Seedlings were treated with 100 nM chitin 8-mer, 10 nM elf26, 10 nM pep1 or deionized water (H 2 O) as a control, and leaf tissues were collected after 20 min. Immunoblot analysis was performed using HA-HRP antibody. CBB was used for protein loading control. Experiments were repeated twice with similar results. [Colour figure can be viewed at wileyonlinelibrary.com].
addition, plant infection by a fungal pathogen is known to cause significant leakage of Na + ions (Park et al., 1987; Kunoh, 1990) . This would provide an environment in which both chitin oligomers (released from the fungal cell wall) and elevated Na + levels would co-occur. Fungal pathogens have evolved a variety of means to counter plant recognition of chitin (Sanchez-Vallet et al., 2015) . Hence, plants may also use Na + detection resulting from fungal attack as an additional signal to respond to pathogen challenge. In this case, although chitin would serve as an MAMP, Na + ions would serve as a DAMP, both providing the plant with a better opportunity to defend itself against the fungal pathogen ( Figure 7 ). Chitin is recognized by a receptor complex composed of CERK1, LYK5 or LYK4, and the CERK1 kinase domain is necessary for chitin signaling (Miya et al., 2007; Wan et al., 2008 Wan et al., , 2012 Cao et al., 2014) . Interestingly, chitin can enhance salinity stress tolerance in a CERK1-dependant manner (Brotman et al., 2012) , suggesting that CERK1 might be necessary for salinity stress tolerance.
Consistent with the possibility of a connection between salt and chitin signaling, there is a strong, positive correlation between the patterns of gene expression induced by these two stresses. There is also a specific relationship between salt and chitin stress with regards to increases in [Ca 2+ ] cyt , an early indicator of both salt and chitin signaling. This result, in particular, points to an interaction between salinity and chitin occurring at a very early step. Indeed, plant mutants defective in the chitin receptor CERK1 showed a significant increase in susceptibility to salt, which seemed specific to the sodium ion and did not reflect sensitivity to the osmotic component. The results indicate that CERK1 is necessary to correctly modulate [Ca 2+ ] cyt increases when the root senses salinity. These observations suggest that the correct modulation of [Ca 2+ ] cyt increases mediated by CERK1 may also be contributing to the whole-plant response to salt stress; however, at this point, is not possible to link the [Ca 2+ ] cyt increases directly with a whole-plant physiological response, as the time that it takes to observe a salt-sensitive phenotype is days in comparison with the salt-induced [Ca 2+ ] cyt increases that occur in minutes (Choi et al., 2014) . For example, ann1 mutant plants showed reduced [Ca 2+ ] cyt increases after salt treatment, but no salt-sensitive phenotype (Laohavisit et al., 2013) . In contrast, plants mutated in the Actin-Related Protein 2 (Arp2) gene showed higher [Ca 2+ ] cyt increases and a salt-sensitive phenotype (Zhao et al., 2013) . This indicates that the connection between the initial recognition of salinity stress and the ultimate susceptibility of the whole plant to this stress is complex and multifactorial.
Previously, we reported that LYK4 and LYK5 both interact with CERK1 and appear to be functionally redundant with regards to chitin signaling . Therefore, it was surprising to find that lyk4 and lyk5 plants showed a normal NaCl-induced [Ca 2+ ] cyt ( Figure S4 ). This result suggests that CERK1 and LYK5 play different roles in the crosstalk between chitin and salt. Perhaps CERK1 mediates crosstalk with different pathways, whereas LYK5 only functions as a chitin binding protein. This is plausible because CERK1 is also involved in the recognition of bacterial PGN (Willmann et al., 2011) and in mediating pathogen-induced cell death (Petutschnig et al., 2014) . In the same way, another member of the LYK family, LYK3, mediates an interaction between ABA and pathogens (Paparella et al., 2014) , indicating a theme in which LysM RLKs are involved in both plant immunity and abiotic stress signaling. It should be noted that our analysis of LYK3 expression showed that it is regulated by osmotic stress, but not by chitin or salt ( Figure S1 ).
The channels involved in transiently elevating [Ca 2+ ] cyt in response to increasing extracellular NaCl have not been identified (Deinlein et al., 2014) ; however, Arabidopsis ANN1 was reported to form Ca 2+ -permeable channels Figure 7 . Working model. Increases in extracellular Na + , from saline soils or from cellular damage during fungal attack, and chitin elicitation are sensed by the plant cells. At the plasma membrane (PM), CERK1 interacts with ANN1 forming a dual function protein complex that is important for signaling in response to Na + and chitin. ANN1 accumulates in response to Na + and chitin, and can mobilize to the PM to contribute to [Ca 2+ ] cyt increases. CERK1 is also necessary for the modulation of NaCl-induced [Ca 2+ ] cyt increases. ANN1 also might prevent ROS and MAPK activity from increasing out of control during chitin signaling. Ca 2+ activates pathways leading to the upregulation of NaCl-and chitin-induced genes, to turn on mechanisms of Na + detoxification, salt tolerance and fungal defense in the plant. [Colour figure can be viewed at wileyonlinelibrary.com].
in vitro, and to mediate both NaCl-and ROS-induced Ca 2+ responses in vivo (Laohavisit et al., 2012 (Laohavisit et al., , 2013 . ANN1 is strongly expressed in roots and ANN1 protein accumulates and mobilizes from the cytosol to the plasma membrane in response to salinity stress (Lee et al., 2004) . At the plasma membrane, the ANN1 C-terminal domain interacts with the membrane phospholipids, whereas its N-terminal domain is exposed in the cytoplasm and available to interact with other proteins (Konopka-Postupolska et al., 2011) . We found that CERK1 interacts with ANN1 at the plasma membrane with or without salt ( Figure 5 ), and this interaction may contribute to stress-induced [Ca 2+ ] cyt increases. This hypothesis is supported in part by our findings that CERK1 is necessary for normal NaCl-induced [Ca 2+ ] cyt increases, whereas ANN1 is necessary for normal chitin-induced [Ca 2+ ] cyt increases. We hypothesized that the CERK1-ANN1 interaction might be important for controlling salinityinduced [Ca 2+ ] cyt increases, which in turn will modulate a mechanism for salinity tolerance.
Most research focuses on the study of organismal responses to single stresses; however, it is clear that plants are subjected simultaneously to a variety of stresses. Understanding the layers of crosstalk in converging stress response pathways may lead to more sustainable methods to increase crop stress tolerance and, thereby, impact crop production.
EXPERIMENTAL PROCEDURES Comparative transcriptome analysis
Publicly available Affymetrix ATH1 data obtained for five differing conditions -osmotic stress, salt stress, chitooctaose, flg22 and wounding -were downloaded (Table S1 ) and reanalyzed with RobiNA software (Lohse et al., 2010) using the justPlier algorithm normalization method, Benjamini-Hochberg (BH) P-value correction method, nested multiple testing strategy and a P-value cut-off of 0.05. The number of co-occurring differentially expressed genes was calculated using the program VennMapper (Smid et al., 2003) , and results were plotted as a heat map using TREEVIEW 1.60 (Eisen et al., 1998) .
Plant material and growth conditions
The Columbia ecotype of Arabidopsis was used as the wild type (ABRC stock no. CS70000). T-DNA mutants, sos1 (CS859742) and ann1 (SALK_015426C), were ordered from the Arabidopsis Biological Resources Center (ABRC) at Ohio State University (http://abrc. osu.edu). Other mutants, cerk1 (GABI-KAT 096F09), lyk4 (WiscDsLox297300_01C) and lyk5-2 (SALK_131911C), were the same as previously described . Complementation lines of CERK1 and LYK4 were generated and characterized previously (Wan et al., 2008 (Wan et al., , 2012 . Homozygous ann1 mutant plants were genotyped using the primers listed in Table S2 . For the salt and osmotic treatments, Arabidopsis seeds were sterilized in 10% sodium hypochlorite and sown on nutrient agar medium (van der Weele et al., 2000) containing NaCl or D-sorbitol at the indicated concentrations. Seedlings were grown in a growth chamber with a 16-h day/8-h night cycle at 22°C. For soil experiments, seeds were sown into Sunshine soil (Premier Horticulture, http://www. premiertech.com) and grown under an 8-h day/16-h night cycle, 100-150 lEm À2 sec À1 and 40-70% humidity. Plants were planted in a randomized complete block experimental design for data collection. Four-week-old plants were irrigated with 300 mM NaCl solution.
Chlorophyll content assay
Twenty seedlings per sample were collected, weighed and placed in a 1.5-ml Eppendorf tube. In the case of soil-grown plants, three 6-mm leaf discs per plant were collected. Tissues were ground for 90 sec using a Mini-BeadBeater TM (BioSpec Products Inc., http:// www.biospec.com) and chlorophyll was extracted with 80% acetone. Light absorption at 663 and 645 nm was determined using an EnSpire â Multimode plate reader (Perkin Elmer Inc., http://www.pe rkinelmer.com). The chlorophyll concentrations (chlorophyll a, chlorophyll b and total chlorophyll) were calculated according to the following formulae (Ni et al., 2009) : chlorophyll a = (12.7 9 A663 -2.69 9 A645) 9 volume (ml) 9 weight (mg); chlorophyll b = (22.9 9 A645 -4.86 9 A663) 9 volume (ml) 9 weight (mg); and total chlorophyll = (8.02 9 A663 + 20.2 9 A645) 9 volume (ml) 9 weight (mg).
Gene constructs and transgenic plants
The full-length cDNA (excluding stop codon) of ANN1 and EFR were amplified from cDNA template and cloned into pDNOR-Zeo plasmid by BP cloning (Invitrogen, now ThermoFisher Scientific, https://www.thermofisher.com). The resultant plasmids were used for LR cloning (Invitrogen) with destination plasmid pGW14 (Nakagawa et al., 2007) , to form a translational fusion with the 3xHA tag. The 35S:ANN1-HA construct was introduced into ann1 plants by floral dip (Clough and Bent, 1998) with EHA105. The 35S:ANN1-HA homozygous T 3 lines were screened based on hygromycin resistance and protein expression. For tobacco transient expression and co-immunoprecipitation (co-IP), pDNOR-ANN1 and pDONR-EFR were cloned into the binary vector pMDC83 (Curtis and Grossniklaus, 2003) to form a translational fusion with the GFP sequence, or into selected pSITE-BiFC vectors (Martin et al., 2009) to create fusions at the C termini of the full-length proteins with split YFP. The constructs were electroporated into Agrobacterium tumefaciens GV3101. Because CERK1 kinase activity causes cell death in tobacco plants (PietraszewskaBogiel et al., 2013) , we made an inactive kinase version of CERK1 by generating the mutation of 394 Lys to Glu (K349E) using a PCR-directed mutagenesis approach, and used it for fusions to GFP, split YFP and HA at the C terminus of the protein. The primers are listed in Table S2 .
Calcium influx assay
Aequorin-expressing transgenic Arabidopsis (Col-0 background) was kindly provided by Marc Knight (Knight and Knight, 1995) . cerk1, lyk4, lyk5-2 mutant plants containing the aequorin transgene were generated previously (Wan et al., 2012; Cao et al., 2014) . Six-day-old seedlings were incubated in 50 ll of reconstitution buffer containing 5 mM 2-(N-morpholine)-ethanesulphonic acid (MES), 1.4 mM CaCl 2 , 20 mM KCl and 10 lM coelentarazine (Nanolight Technology, http://www.nanolight.com) overnight in the dark at room temperature (23°C). After incubation, 50 ll of treatment solution was added, and then photon emissions were detected using a Photek CCD camera 216 (Photek Ltd, East Sussex, UK). Discharging buffer containing 2 M CaCl 2 and 20% (v/v) ethanol was used to estimate the remaining unchelated aequorin. The calcium concentration was calculated as previously described (Knight et al., 1996; Tanaka et al., 2010) .
Transient expression in tobacco
The Agrobacterium strains containing CERK1 K349E , ANN1 and EFR constructs were cultured overnight, pelleted and re-suspended in activation buffer [10 mM MES/KOH (pH 5.6), 10 mM MgCl 2 , 150 lM acetosyringone], and incubated for 2 h in the dark at room temperature (Voinnet et al., 2003) . Each strain was adjusted to a final optical density of 0.3 at 600 nm, and the p19 strain was adjusted to a final optical density of 0.1 at 600 nm. Bacterial mixtures were infiltrated into the abaxial side of 5-6-week-old N. benthamiana leaves using a needleless syringe. Two days after infiltration, the infiltrated area was cut and the GFP or YFP fluorescence was observed with a confocal microscope (Leica SP8 spectral confocal microscope, http://www.leica.com). For the BiFC experiments, empty vector controls comprising either half of the split YFP molecule, but lacking the protein of interest, were used as a negative control.
Coimmunoprecipitation (Co-IP) assays
To test association of proteins, we co-expressed CERK1
K349E
-GFP and ANN1-HA in tobacco plants, as described above. To rule out the possibility that CERK1 K349E -HA non-specifically binds to anti-GFP magnetic beads, we expressed ANN1-HA alone as a negative control. Plants were incubated for 2 days after infiltration. One hour before harvesting the tissue for lysis, one half leaf was infiltrated with 100 mM NaCl and the other half was not infiltrated (control). Pull-downs using the GFP tag were performed according to the manufacturer's specifications, as detailed in the uMACS ™ Epitope Tag protein isolation kit (Miltenyi Biotec Inc., http://www. miltenyibiotec.com).
Protoplast preparation and transfection was performed as previously described (Yoo et al., 2007) . Six hours after transfection, protoplasts were collected. Pull-down of the myc-tagged proteins was performed using Protein A resin (Genscript, http://www.gensc ript.com). The eluted protein and the input protein were separated on a 10% SDS-PAGE gel and transferred to polyvinylidene difluoride (PVDF) membrane for western blot analysis.
Analysis of phosphorylation using Phos-Tag and phosphatase treatment
Seedlings were grown in a 24-well clear plate containing liquid half-strength MS medium in a growth chamber with a 16-h day/ 8-h night cycle at 22°C. After 9 days, seedlings were treated with 150 mM NaCl for 2 h, 30 lM ABA for 30 min or 100 nM chitooctoase (Sigma-Aldrich, http://www.sigmaaldrich.com) for 30 min. Five roots from 35S::ANN1-HA plants were harvested and ground in liquid nitrogen. Fifteen microliters of low-salt calf intestinal phosphatase (lsCIP) buffer (50 mM Tris, pH 8.5, 2 mM MgCl 2 ) with complete TM protease inhibitor cocktail (SigmaAldrich) and 0.5% sarkosyl was added and incubated for 5 min on ice. Ninety microliters of lsCIP buffer with complete proteinase inhibitor (Roche) and 0.1% Triton X-100 was added, and then samples were mixed. The lysate was cleared by centrifugation and split into two tubes. A total of 0.75 ll of calf intestinal phosphatase (NEB) was added to one of the aliquots. Both tubes were incubated at 37°C for 30 min, and proteins were precipitated by the addition of a quarter volume of 100% trichloroacetic acid (TCA) followed by the addition of 200 ll of cold acetone. The protein pellet was dissolved in SDS sample buffer supplemented with 1 mM MnCl 2 , except where noted, and then the samples were resolved on 4%/10% gels with 25 lM Phos-tag (Wako Chemicals, http://www.wako-chem.co.jp) in the separating gel, made according to the manufacturer's directions, except that SDS was not included in the gel.
Reactive oxygen species (ROS) assay and MAPK phosphorylation
Leaf discs from 4-week-old plants were excised and transferred into a 96-well white plate with water for overnight. For ROS assay, water was removed from each cell and exchanged with 200 ll of chemiluminescent luminal buffer: 1.25 lM L-012 chemiluminescent probe (Wako Chemicals), 20 lg ml À1 horseradish peroxidase (Sigma-Aldrich) and 100 nM chitooctaose or 10 nM flg22. The chemiluminescent signal was recorded for 30 min using a Photek CCD camera 216 (Photek Ltd, http://www.photek.com). For MAPK phosphorylation, leaf discs were treated with or without chitin mixture (100 lg ll À1 ), and tissues were collected at 0, 5 and 15 min, and ground in liquid nitrogen. Proteins were separated on a 10% SDS-PAGE gel and transferred to PVDF membrane for western blot analysis.
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SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article. Figure S1 . CERK1 is induced specifically by NaCl in roots. Figure S2 . cerk1 is hypersensitive to salt stress when transferred to plates containing NaCl. Figure S3 . cerk1 plants have a similar response to ABA and potassium chloride (KCl) as observed in the wild type (Col-0). Figure S4 . lyk4 and lyk5 mutant plants did not show differences in [Ca 2+ ] cyt after NaCl treatment. Figure S5 . ANN1 and CERK1 K349E localize to the plasma membrane. Figure S6 . Western blot of BiFC negative controls. Figure S7 . The flg22-triggered ROS response does not differ between ann1 and the wild type. Figure S8 . 35S:ANN1-HA transgenic plants restored the elevated chitin-triggered ROS production observed in the ann1 mutant to wild-type levels. Figure S9 . The CERK1 kinase domain does not phosphorylate ANN1. Table S1 . Microarray data sets used for transcriptome comparison. Table S2 . Primers used in this study.
